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The molecular mechanisms regulating the sen-
sitivity of sensory circuits to environmental
stimuli are poorly understood. We demonstrate
here a central role for stem cell factor (SCF) and
its receptor, c-Kit, in tuning the responsiveness
of sensory neurons to natural stimuli. Mice lack-
ing SCF/c-Kit signaling displayed profound
thermal hypoalgesia, attributable to a marked
elevation in the thermal threshold and reduction
in spiking rate of heat-sensitive nociceptors.
Acute activation of c-Kit by its ligand, SCF, re-
sulted in a reduced thermal threshold and po-
tentiation of heat-activated currents in isolated
small-diameter neurons and thermal hyperalge-
sia in mice. SCF-induced thermal hyperalgesia
required the TRP family cation channel TRPV1.
Lack of c-Kit signaling during development re-
sulted in hypersensitivity of discrete mechano-
receptive neuronal subtypes. Thus, c-Kit can
now be grouped with a small family of receptor
tyrosine kinases, including c-Ret and TrkA,
that control the transduction properties of sen-
sory neurons.
INTRODUCTION
Somatic sensations such as warming, cooling, gentle
touch, and pain are each initiated by activation of sensory
neurons. Specific types of sensory neurons, whose cell
bodies are located in dorsal root and trigeminal ganglia,
subserve different sensory modalities. Specialized sen-
sory neurons called nociceptors are responsible for the
transduction of painful thermal and mechanical stimula-
tion of the skin. Knowledge about molecules and ion chan-
nels that are necessary for the normal transduction of
painful thermal and mechanical stimuli is still incomplete
(Lewin and Moshourab, 2004). It has been postulated
that thermosensitive ion channels of the TRP family are
important for the transduction of noxious heat or cold byNenociceptive sensory neurons (Jordt et al., 2003). The
most complete evidence exists for the capsaicin-acti-
vated ion channel TRPV1 that can be activated by thermal
stimuli in the noxious range (Caterina et al., 1997; Tomi-
naga et al., 1998). Mice lacking TRPV1 have altered pain
behavior and do not respond to the noxious irritant capsa-
icin (Caterina et al., 2000; Davis et al., 2000).
An important feature of pain is the fact that injury and
inflammation lead to heightened sensitivity to stimuli that
would normally be only mildly painful. This phenomenon
is called hyperalgesia, and the prevention of hyperalgesia
is a hallmark of effective analgesia. TRPV1 may become
an important analgesic target because this channel is
required for the expression of thermal hyperalgesia pro-
voked by inflammation (Caterina et al., 2000; Davis
et al., 2000).
Molecules upregulated in inflamed tissue such as nerve
growth factor (NGF) can sensitize peripheral nociceptors
to thermal stimuli (Lewin et al., 1993). NGF signaling via
its receptor tyrosine kinase TrkA is necessary for the sur-
vival of subpopulations of peripheral neurons during pe-
riods of programmed cell death (Huang and Reichardt,
2003). It has been known for many years that the dorsal
root ganglion (DRG) neurons that require NGF are all noci-
ceptors (Lewin and Mendell, 1993). NGF/TrkA signaling is
required for neuronal survival during embryonic develop-
ment, but in mature animals NGF is also a physiological
mediator of inflammatory hyperalgesia (Lewin et al.,
1994; Woolf et al., 1994). Thus, NGF can produce a pro-
found and long-lasting thermal and mechanical hyperal-
gesia in man and animals (Lewin et al., 1993; Petty et al.,
1994). NGF can also potentiate TRPV1-mediated and nox-
ious heat-activated ionic currents (Iheat) in isolated DRG
neurons (Galoyan et al., 2003; Shu and Mendell, 1999). In-
deed, NGF injected into animals produces thermal hyper-
algesia that requires the presence of TRPV1 (Chuang
et al., 2001). Around half of the nociceptors in the adult
DRG possess TrkA receptors; the remainder, defined by
the expression of c-Ret, downregulate TrkA during early
postnatal development (Luo et al., 2007; Snider and
McMahon, 1998). The receptor tyrosine kinase c-Ret me-
diates signals elicited by the glial-derived neurotophic fac-
tor (GDNF) ligand family (Airaksinen and Saarma, 2002).
The c-Ret receptor and its coreceptors GFRa2 and -3uron 56, 893–906, December 6, 2007 ª2007 Elsevier Inc. 893
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heat sensitive and express TRPV1 receptors (Malin
et al., 2006; Stucky et al., 2002). Indeed, there is some
evidence for a role of the GDNF family ligands neurturin
and artemin in regulating noxious heat transduction by
sensory neurons (Malin et al., 2006; Stucky et al., 2002).
GDNF signaling is however not required for survival of no-
ciceptive sensory neurons (Airaksinen and Saarma, 2002;
Luo et al., 2007).
In addition to the Trk and c-Ret receptors, sensory neu-
rons are known to express other receptor tyrosine kinases
like c-Kit, the receptor for stem cell factor (SCF) (Hirata
et al., 1993; Keshet et al., 1991; Motro et al., 1991). The
c-Kit/SCF signaling system has interested geneticists for
almost a century: allelic mutations in SCF (Steel, Sl) or
c-Kit (W) give rise to dominant white spotting pigment phe-
notypes (Little, 1915), and their analysis provided the first
genetic evidence for an essential function of receptor tyro-
sine kinase signaling in mammalian development (Besmer,
1991). SCF/c-Kit signaling has diverse functions in the de-
velopment of primordial germ cells, melanocytes, and he-
matopoietic lineages (mast cells and erythroid progenitors)
(Besmer, 1991). The embryonic or perinatal lethality in mu-
tants homozygous for loss-of-function Sl or W alleles has
hampered the study of c-Kit/SCF signaling functions in
the adult (Besmer, 1991; Reith et al., 1990). Nevertheless,
the availability of inbredWmutant substrains, originally es-
tablished during intensive inbreeding regimens to select
for postnatal survival of homozygote mutants (Russell
and Lawson, 1959), as well as transgenic approaches
that rescue the hematopoietic defect in c-Kit mutants per-
mit the generation of adult mice completely lacking c-Kit
function (Waskow et al., 2002). However, nervous system
phenotypes have not been reported in such animals.
Here we define key functions of the receptor tyrosine
kinase c-Kit and its ligand SCF in peripheral pain and me-
chanosensation, using genetic and electrophysiological
approaches. Our analysis reveals two distinctive roles
for c-Kit signaling: (1) c-Kit provides a key input to regulate
the heat sensitivity of nociceptors; (2) c-Kit signaling reg-
ulates the function of discrete types of mechanosensitive
sensory neurons, and loss of c-Kit leads to mechanore-
ceptor hypersensitivity. Our finding that c-Kit is an essen-
tial regulator of nociceptor sensitivity identifies it as a
potential new target for pain therapy.
RESULTS
c-Kit Receptors in Nociceptive Sensory Neurons
We first characterized the distribution and neurochemistry
of c-Kit-positive neurons within the DRG using in situ
hybridization and immunohistochemistry (Figure 1). We
could detect c-Kit mRNA in about 20% of DRG neurons,
primarily small-diameter putative nociceptors, as well as
in a subpopulation of middle to large sized DRG neurons
(Figures 1A, 1B, and 1B0). We employed double immuno-
fluorescence using a monoclonal antibody directed
against c-Kit together with antibodies against other894 Neuron 56, 893–906, December 6, 2007 ª2007 Elsevier Incmarkers to define further the neurochemical phenotype
of c-Kit-positive neurons. We found that around 80% of
c-Kit+ neurons were of small size and positive for periph-
erin, which is a good marker of unmyelinated C-fibers
(Goldstein et al., 1991) (Figures 1C, 1D, and 1D0). The
remaining 20% of c-Kit+ cells were somewhat larger and
were positive for heavy chain neurofilament, which is char-
acteristic of cells that are myelinated (Figures 1E, 1F, and
1F0). Thus, it appears that two populations of c-Kit+ cells
exist, the majority being nociceptors and a smaller propor-
tion being myelinated mechanoreceptors.
Small-diameter nociceptors can be divided into two
major neurochemical classes, those that express the
NGF receptor TrkA and the pain-related neuropeptides
calcitonin gene-related peptide (CGRP) and substance
P (SP), and neurons that largely lack neuropeptides but
express the c-Ret receptor tyrosine kinase. The latter
subpopulation of nociceptors can also be defined by their
cell-surface binding of the isolectin B4 (IB4) and expres-
sion of the ionotropic P2X3 receptor (Snider and McMa-
hon, 1998). We found that among small-diameter sensory
neurons c-Kit protein was largely restricted to the TrkA
population. Thus, the majority of c-Kit+ sensory neurons
(>95%) expressed TrkA (Figures 1G, 1H, and 1H0), while
small numbers were positive for c-Ret (Figures 1I, 1J,
and 1J0) or exhibited IB4 binding (Figures 1K, 1L, and
1L0). Consistent with this, most c-Kit+ neurons were pep-
tidergic, as determined by coexpression of CGRP (Figures
1M, 1N, and 1N0) or SP (Figures 1O, 1P, and 1P0). We also
found that more than half of the c-Kit+ cells expressed the
cation channel TRPV1 or the purine receptor P2X3 (Fig-
ures 1Q, 1R, 1R0, 1S, 1T, and 1T0). Since many c-Kit+ neu-
rons are P2X3 positive, they may be identical with an
appreciable population of TrkA-positive neurons that
also express P2X3 (Ramer et al., 2001). In summary,c-Kit
defines a subpopulation of peptidergic TrkA+ neurons,
predominantly small-diameter nociceptors, the majority
of which express the TRPV1 and P2X3 ion channels.
Since it was clear that a subpopulation of C-fiber noci-
ceptors express the c-Kit receptor, we also asked if its
ligand SCF is normally present in the skin of adult mice.
We found specific immunoreactivity for SCF in the upper
layers of the epidermis (Figure 1V), an area of the skin
that is richly innervated by peptidergic C-fibers (Kruger
et al., 1989).
Heat Nociception Is Impaired in c-Kit Mutant Mice
The expression pattern of c-Kit prompted us to undertake
a genetic analysis of its function in somatic sensation. We
employed a mouse strain harboring the original dominant-
spotting W allele, first recognized in the early 1900s by
Durham (Durham, 1911) and defined genetically by Little
as having a lethal effect when homozygous (Little, 1915;
Rifaat, 1954). This allele results from a point mutation in
the 50 intron splice donor site downstream of the exon en-
coding the transmembrane domain (Hayashi et al., 1991).
Previous analyses of dominant-spotting mice have dem-
onstrated that the W allele is a null (Nocka et al., 1990)..
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C-Kit Signaling and Nociceptive TuningFigure 1. In Situ and Immunohistochemical Analysis of c-Kit Expression in Lumbar DRGs of Adult Mice
(A and B) Nonradioactive in situ hybridization, showing expression of c-Kit in small and medium sized sensory neurons (two adjacent fields).
(B0 ) Size distribution, showing the percentage of c-Kit+ cells with a given diameter (binning analysis, 2 mm increments).
(C–T) Immunohistochemical analysis of c-Kit protein expression (red, left and right panels) in neurons costained with the following neurochemical
markers (green, right panel only): (C and D), peripherin; (E and F), heavy chain neurofilament; (G and H), TrkA; (I and J), c-Ret; (K and L), isolectin
B4; (M and N), CGRP ; (O and P), SP; (Q and R), TRPV1; (S and T), P2X3.
(D0–T0) Quantification of immunopositive populations, showing percentage of neurons positive for the given neurochemical marker that also
coexpress c-Kit (white bar) or the percentage of c-Kit+ neurons that coexpress the given neurochemical marker (gray bar).
Scale bars, 20 mm (A–T).
(U) Pie chart showing the distribution of c-Kit+ neurons in relation to the entire population in the DRG. Fibers expressing c-Kit (red hatch) are depicted
as proportions of total C-fibers (white, TrkA+; light gray, c-Ret+; medium gray, c-Ret+/TrkA+) or myelinated afferents (dark gray, A-fibers).
(V) SCF immunoreactivity in the suprabasal keratinocyte layer of the epidermis, SCF is green, and red is a nuclear stain. Scale bar, 50 mm.
Means are shown ± SEM.We used a specific inbred substrain of the c-KitW/+ mouse
line (WB-pedigree, Jackson Labs) established during an
inbreeding procedure in which parental animals were se-
lected on the basis of enhanced postnatal survival in theirNehomozygous mutant c-KitW/W offspring (WA, WB, WC,
and WD pedigrees, see also Russell and Lawson [1959]).
Crosses between heterozygous c-KitW/+ mice from the
WB strain of animals yielded a small proportion (6%) ofuron 56, 893–906, December 6, 2007 ª2007 Elsevier Inc. 895
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weeks (Figure 2A). To increase further the number of adult
c-KitW/W mutants, we used a transgenic rescue strategy to
overcome the lethal anemia in c-KitW/W mutants. We
crossed a transgenic mouse line overexpressing erythro-
poietin into the c-KitW/+ strain (Ruschitzka et al., 2000),
and the resulting progeny were then interbred, resulting
in an increase in the proportion of surviving c-Kit mutants
to 28%. We refer to mutant c-KitW/W and c-KitW/W;Epotg
animals as c-Kit/ in the rest of the manuscript.
We first analyzed c-Kit/ mice in behavioral tests of
acute thermal and mechanical nociception. Mice lacking
c-Kit function demonstrated a marked hypoalgesia to radi-
ant heat stimuli, with an average increase of 40% for foot
withdrawal latency compared to wild-type littermates
(p < 0.001 unpaired t test) (Figure 2B). In contrast, in
a test of mechanical nociception, the force threshold for
foot withdrawal of c-Kit/ mutants was decreased by
on average 20% compared to control mice (p < 0.001 un-
paired t test) (Figure 2B). Such altered responses to acute
nociceptive stimuli may have several underlying causes,
including neuronal loss or altered innervation patterns of
Figure 2. Behavioral Analysis of Adult Mice Lacking a Func-
tional c-Kit Signaling System
(A) External appearance of wild-type, heterozygous, and homozygous
adult c-Kit mutants and percentage of control (+/+, +/) and mutant
offspring (/) resulting from intercrosses of the c-Kit+/ mutant sub-
strain (WB) or after introducing an erythropoietin-expressing transgene
(c-Kit/;Epotg, dark gray column header).
(B) Behavioral testing of adult control (white bars) and c-Kit/ mutant
(blue bars) mice. Data show latency for paw withdrawal to radiant heat
(left) or the mechanical threshold required for withdrawal from a
vertically applied punctate mechanical stimulus (right). **indicates
p < 0.0001 unpaired t test.
Means are shown ± SEM.896 Neuron 56, 893–906, December 6, 2007 ª2007 Elsevier Incthe skin or dorsal spinal cord. We analyzed semithin sec-
tions and ultrathin electron micrographs of the saphenous
nerve, a pure cutaneous nerve innervating the skin of the
lower hindlimb, to determine the numbers of nonmyelin-
ated (C-fibers) and myelinated (Ad nociceptors and Ab
mechanoreceptors) axons. No major changes in the num-
ber of fibers in c-Kit/ mutant animals were observed
(Figures 3A and 3B; see below). In addition, immunohisto-
logical analyses of skin preparations revealed a normal in-
nervation of the dermis, epidermis, and other target tissues
(e.g., arterioles, muscle) in mutant mice (see Figure S1
available online). The c-KitW allele permits the detection
of a mutant c-Kit protein, although this is expressed at
lower levels than the normal gene product (Nocka et al.,
1990; Waskow et al., 2002). The neurochemical nature of
c-Kit+ neurons in mutant mice was unchanged, except
Figure 3. Sensory Neuron Number and Neurochemistry
in c-Kit Mutant Mice
(A) Electron micrographs of sections of saphenous nerve in control and
mutant mice.
(B) Quantitation of myelinated axons (A-fibers) and nonmyelinated
axons (C-fibers) in the saphenous nerves of control (white bars) or
c-Kit/ mice (blue bars) (*p < 0.05).
(C) Quantification of the percentage of c-Kit+ DRG neurons coexpress-
ing different neurochemical markers in control (white bars) or c-Kit/
mutant mice (blue bars). The numbers of neurons in mutant mice
expressing P2X3 were decreased by 28% (p < 0.001, unpaired t test).
Means are shown ± SEM..
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C-Kit Signaling and Nociceptive TuningFigure 4. Electrophysiological Analysis
of Sensory Neurons in Adult Control
and c-Kit/ Mice
(A) Response of mechano-heat sensitive C
fiber afferents (CMH) to a heat stimulus applied
to the skin (temperature ramp from 32C to
60C and return to 32C over time, as indi-
cated); upper panel, single-unit recording
from a control mouse; lower panel, single-unit
recording from a c-Kit/ mouse.
(B) Quantification of the number of spikes per 1
s time window during application of the heat
ramp in controls (black squares); in c-Kit mu-
tants (dark-blue squares) or imatinib-treated
adult mice (light-blue squares), the curves
were significantly different from control (two-
way ANOVA, F = 7.67, p < 0.01).
(C) The average temperature threshold re-
quired to elicit the first or second spike in
CMH fibers in control (white bar), c-Kit mutants
(dark-blue bars), or imatinib-treated mice
(light-blue squares), **p < 0.001 unpaired t test.
(D) Spiking rates of CMH fibers recorded in con-
trol (open squares) and c-Kit mutant mice
(dark-blue squares) to a series of increasing
mechanical displacements of the receptive
field (not significantly different, two-way
ANOVA test).
Means are shown ± SEM.the proportion of c-Kit+ neurons expressing the purine-ac-
tivated channel P2X3 was reduced in mutant mice (28%
reduction, p < 0.001, unpaired t test) (Figure 3C). It has
been shown that erythropoietin may itself have neuropro-
tective effects when administered to mice (Campana and
Myers, 2003). However, our anatomical analyses were car-
ried out on both c-Kit/ and c-Kit/;Epotg mice, and the
counts of A-fiber and C-fiber axons were not different be-
tween animals with or without the Epotg (Figure S2A).
These results suggest that erythropoietin overexpression
has little influence on normal programmed cell death in
the mouse.
The lack of neuronal cell death and the normal innerva-
tion patterns of the skin and spinal cord suggested that the
marked changes in acute pain behavior in c-Kit mutants
were due to functional alterations in primary afferent noci-
ceptors. We analyzed the physiological properties of
individual sensory neurons of c-Kit/ mutants using the
isolated skin-nerve preparation. Due to the marked ther-
mal hypoalgesia of c-Kit/ mutant mice, we first focused
on examining the response properties of noxious heat-
sensitive polymodal nociceptors. We recorded from a total
of 72 C-fiber nociceptors in control and c-Kit/ mice and
noted that the proportion of noxious heat-sensitive neu-
rons (so called C-mechanoheat, CMH fibers) found in the
mutant was not significantly altered compared to control
(68% in c-Kit/ compared to 72% in wild-type, see also
Table S1). However, the CMH fibers recorded in c-Kit
/
mutants displayed a substantial reduction in their sensitiv-
ity to noxious heat (Figure 4A). This was reflected in
a large reduction in the average spike rate of CMH fibers
in c-Kit/ mice in response to a standard heating stimulusNof the receptive field (Figure 4B). The average number of
spikes from CMH fibers in c-Kit mutants was 4.5-fold
smaller than that found in wild-type neurons (mean spike
count to the heat stimulus 14.1 ± 2.5 spikes in c-Kit/ mu-
tants compared to 65.9 ± 9.5 spikes in controls, p < 0.001
unpaired t test). Not only was the total response reduced,
but the temperature threshold for the first and second
spike was elevated by between 5C and 7C in c-Kit/
mice compared to controls (Figure 4C). We then went on
to examine the properties of C-fiber nociceptors in
c-Kit+/ mice to test if the functional deficit in C-fibers is
observed with c-Kit haploinsufficiency. Interestingly, we
also observed a reduction in noxious heat sensitivity of
CMH fibers in c-Kit
+/ mice that was quantitatively indistin-
guishable from that observed in c-Kit/ mice (Figures
S3A and S3B). In cutaneous nerves, CMH fibers make up
60%–70% of all nociceptors, and so it was initially puz-
zling how deletion of the c-Kit receptor, which is ex-
pressed in around 20% of C-fibers, could lead to such
a large reduction in the noxious heat sensitivity of CMH
fibers. However, we found that when the distribution of
the total heat response of individual units in control mice
was plotted, around 47% of the units could be character-
ized as ‘‘high responders’’ (>60 spikes/stimulus) (Fig-
ure S3C). An analysis of the data from mice with c-Kit
mutations revealed that the majority of these ‘‘high re-
sponder’’ CMH fibers were essentially absent. These data
suggest that a subpopulation of ‘‘high responding’’ CMH
fibers require c-Kit signaling to maintain their normally
high sensitivity to noxious heat (Figure S3C).
The reduction in CMH fiber noxious heat sensitivity that
we observed in c-Kit/ mice might conceivably arise aseuron 56, 893–906, December 6, 2007 ª2007 Elsevier Inc. 897
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the mice examined. In order to control for this possibility,
we made an extensive analysis of single C-fiber properties
in c-Kit+/+;Epotg mice that had been derived from matings
between Epotg and c-Kit+/ mice. However, we found that
the physiological properties of CMH fibers, including spike
rates and heat thresholds, were essentially identical to
Figure 5. Behavioral Analysis of the Effect of c-Kit Activation
(SCF, i.p., Arrow) on Paw Withdrawal Latencies (% of Base-
line) in Response to Radiant Heat
(A) Injection of SCF into C57Bl/6 wild-type mice (red squares, see also
[B] and [C]).
(B) Injection of SCF into mice pretreated for 3 days with the mast cell
degranulating agent 48/80 (black squares).
(C) Injection of SCF into homozygous mutant mice lacking the cation
channel TRPV1 (black squares).
Time points where significant differences are observed between con-
trols and TRPV1/ mice or after mast cell degranulation are indicated,
*p < 0.05; **p < 0.001. Means are shown ± SEM.898 Neuron 56, 893–906, December 6, 2007 ª2007 Elsevier Inthose found in c-Kit wild-type mice (Figures S2B and
S2C).
The spiking rates of C-fiber nociceptors and myelinated
AM-fibers to a series of suprathreshold mechanical stimuli
were not significantly altered (Figure 4D and data not
shown). However, the median von Frey hair force (vFT)
required to evoke spikes from myelinated AM fibers in
c-Kit/ mice was significantly lower than that found in
controls (median vFT, 2.5 mN in c-Kit/ mice compared
to 3.6 mN in control, p < 0.01, Mann-Whitney U test see
also Figure S4 and Table S1). The effect on AM mechano-
sensitivity might account for the observation that paw with-
drawal threshold was lower in c-Kit/ mice (Figure 2B).
Thus far, our data did not show that c-Kit signaling in the
adult animal is necessary for maintaining noxious heat
sensitivity. For example, it is also feasible that SCF/c-Kit
signaling during development sets the heat sensitivity of
polymodal nociceptors. To address this issue, we used
imatinib (also called STI571 and Gleevec/Glivec, Novartis
Pharmaceuticals), which is a potent c-Kit receptor
blocker. We treated mice with clinically effective doses
of imatinib (0.1 mg/g administered subcutaneously) for
6–7 days (Kerkela et al., 2006) and then recorded the nox-
ious heat sensitivity of C-fiber nociceptors. This treatment
produced a reduction in C-fiber heat sensitivity that was
almost identical to that found in c-Kit/ and c-Kit+/
mice (Figures 4B and 4C and Figure S3C). We also moni-
tored changes in the latency for foot withdrawal to noxious
heat in imatinib and vehicle-treated mice. We found that in
the imatinib group the foot withdrawal latency increased
to 160% ± 39% of starting values 5 days after daily imati-
nib treatment compared to 129% ± 35% for vehicle-
treated mice (n = 6 in each group).
SCF Produces TRPV1-Dependent Thermal
Hyperalgesia and Potentiates Iheat and Capsaicin-
Evoked Responses in Sensory Neurons
This analysis indicated that c-Kit signaling is necessary to
ensure normal sensing of noxious heat by polymodal
nociceptors. This prompted us to ask if the c-Kit ligand,
SCF could acutely modulate noxious heat sensitivity in
mice. We monitored the latency for paw withdrawal from
a radiant heat stimulus before and after the systemic
administration of SCF (1 mg/g, i.p.) in awake mice and ob-
served a rapid and profound thermal hyperalgesia (latency
drop of 37%), which became significant (t test, p < 0.05)
within 1 hr and returned to control values after 7 hr
(Figure 5A). Mice that had been pretreated with imatinib,
two subcutaneous injections (0.1 mg/g) 18 hr and 1 hr
before SCF, did not display any significant thermal hyper-
algesia (data not shown). Nevertheless, SCF might pro-
duce thermal hyperalgesia by an indirect mechanism, for
example by enhancing the degranulation of mast cells in
the skin; mast cell development requires SCF/c-Kit signal-
ing (Besmer, 1991). Mast cells can release NGF, which
might mediate the observed thermal hyperalgesia (Lewin
et al., 1994). We therefore used the mast cell degranulat-
ing agent 48/80 to deplete resident mast cells ofc.
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C-Kit Signaling and Nociceptive TuningFigure 6. Potentiation of Iheat and TRPV1 in DRG Neurons by SCF
Electrophysiological analysis of Iheat in cultured small-diameter sensory neurons derived from adult wild-type mice.
(A) Inward currents (black trace) in response to a standard heat stimulus (red trace), before, during addition of SCF, and after washout, as indicated.
(B) Quantification of heat-induced inward currents distinguishes two neuronal populations: one shows robust potentiation of inward currents in
response to SCF (10 nM) (red circles) (*p < 0.01 Wilcoxin test on ranks), the other set of cells remains unresponsive to SCF (black squares).
(C) Representative trace of inward current magnitude plotted against temperature for one cell, prior to (black trace) and during SCF treatment (red
trace). Results from calcium imaging experiments shown in panels (D)–(F).
(D) Example traces of [Ca2+]i transients in a single cell in response to two capsaicin puffs. (Top) A control cell with intervening pulse of buffer solution;
note the marked decrease in [Ca2+]i increase to the second capsaicin puff. (Bottom) Increased [Ca
2+]i to the second capsaicin puff after prior exposure
of the cell to 10 nM SCF.
(E) The proportion of cells with a significant potentiation of [Ca2+]i. Control indicates no intervening SCF stimulus together with a series of increasing
SCF concentrations ranging from 0.001 to 100 nM. The response to the second capsaicin puff was also measured immediately following the SCF
stimulus (10 nM, short). All SCF concentrations of 0.1 nM and above produced a significant increase in the proportion of sensitized cells compared
to control (Fishers exact test, p < 0.05).
(F) Same data are shown in (E), but the data from all cells tested are shown as percentage change compared to the first capsaicin-induced [Ca2+]i
transient. Note the wide range of responses among SCF-responsive cells.
Means are shown ± SEM.neuroactive substances prior to the administration of SCF.
Despite prior degranulation of mast cells, SCF injection
still produced a profound hyperalgesia similar to that
observed in untreated control mice (Figure 5B).
Previous work has shown that the capsaicin receptor
TRPV1 is essential for inflammatory thermal hyperalgesia
mediated by bradykinin or NGF (Chuang et al., 2001). We
asked whether the hyperalgesic action of SCF might also
require TRPV1 and thus examined the effects of SCF ad-
ministration in mice lacking TRPV1 (Figure 5C). In contrast
to wild-type littermates, heat latencies following SCF in-
jection in TRPV1/ mutants were not significantly altered,
indicating that TRPV1 is essential for c-Kit-mediated ther-
mal hyperalgesia.
Our analysis shows that activation of the c-Kit receptor is
necessary for normal noxious heat sensitivity. Further-
more, since activation of c-Kit resulted in TRPV1-depen-
dent thermal hyperalgesia, like activation of TrkA (GaloyanNet al., 2003; Shu and Mendell, 1999), c-Kit signaling might
also acutely sensitize noxious heat-activated currents
(Cesare and McNaughton, 1996). We recorded noxious
heat-activated currents (Iheat) in mouse sensory neurons
in culture before, during, and after application of SCF
(10 nM). Single cells were locally perfused with control
Ringer’s solution that could be rapidly heated to trigger
noxious heat-activated currents, measured at a holding
potential of –60 mV (Dittert et al., 2006). Transiently applied
heat stimuli typically resulted in inward currents of 200–
400 pA (Figure 6A). In a single cell, repeated heating
resulted in identical heat-activated currents without any
evidence of tachyphylaxis (interstimulus period 1–2 min).
However, within 30 s after application of SCF, two popula-
tions of thermoreceptive neurons could be distinguished,
one unresponsive (<50% change in heat-induced inward
current concomitant with SCF stimulation) and the other
showing a potentiation of the heat-dependent inwardeuron 56, 893–906, December 6, 2007 ª2007 Elsevier Inc. 899
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comitant with SCF application) (Figures 6A and 6B). The
effect of SCF was short lasting and was not detectable
90 s after washout (Figures 6A and 6B). SCF did not only
lead to a clear increase in the amplitude of Iheat, but also
produced a lowering of the heat threshold by about 2C
(Figure 6C). In responsive cells, we could repeatedly in-
duce potentiation with full recovery of Iheat to control values
after each washout. SCF-responsive nociceptors made up
50% of the cells tested, and responsive cells tended to be
those with larger initial Iheat amplitudes (Figure 6B). This
finding is consistent with our observation that it is primarily
‘‘high responding’’ CMH fibers that are affected by the ab-
sence of c-Kit signaling in vivo (Figure S3C).
Our data indicating that SCF can potentiate Iheat sug-
gested that the heat and pH-gated ion channel TRPV1
may also be potentiated by SCF. We tested this using
Fura-2-based calcium imaging to quantify the increase
in intracellular calcium concentration ([Ca2+]i) that follows
capsaicin application to TRPV1-positive sensory neurons.
We used a protocol similar to that first established by
McNaughton and colleagues (Bonnington and McNaugh-
ton, 2003) in which cultivated sensory neurons are ex-
posed to two consecutive capsaicin puffs. Normally, the
second [Ca2+]i transient is much smaller than the first,
which reflects a profound receptor desensitization that is
also observed when recording capsaicin-induced cur-
rents (Shu and Mendell, 1999). When the cells are ex-
posed to NGF between the puffs, a reliable sensitization
is observed that is reflected in an increased [Ca2+]i tran-
sient after exposure to the second capsaicin puff (Bon-
nington and McNaughton, 2003; Shu and Mendell,
1999). We exposed cells to a short puff (30 s) of different
concentrations of SCF between two capsaicin stimuli. In
our standard protocol, we waited 270 s after the SCF stim-
ulus and then exposed the cell once again to capsaicin.
With concentrations of 10 nM and 100 nM of SCF we
noted a very robust sensitization of the capsaicin
response in 30% of the cells that respond to capsaicin
(Figures 6D–6F). Our criterion for sensitization was a
second capsaicin-induced [Ca2+]i signal that was larger
than the mean of the second response from control exper-
iments plus three standard deviations (second re-
sponse >120% of the first) (Figure 6E). There were mark-
edly fewer SCF-responding cells with 0.1 nM SCF
(7%), and we observed essentially no effect with
0.001 nM SCF (Figure 6F). We also used calcium imaging
to examine the speed of the SCF effect and thus used an
exposure for 30 s immediately followed by the second
capsaicin stimulus (10 nM short). This treatment also pro-
duced a significant sensitization of the response in 7% of
the neurons tested (Figures 6D and 6F), indicating that the
effects of SCF can be very rapid. However, maximum
effects on the TRPV1 sensitization are seen minutes after
SCF stimulation. Our data are therefore consistent with
the idea that SCF potentiates both Iheat and the TRPV1
ion channel in TrkA-positive/IB4-negative cells. Although
c-Kit is restricted to a subpopulation of nociceptive900 Neuron 56, 893–906, December 6, 2007 ª2007 Elsevier Inneurons, treatment with its ligand SCF can produce acute
thermal hyperalgesia in vivo, probably by directly sensitiz-
ing a subpopulation of nociceptors.
c-Kit Receptors Are Required for the Normal
Development of Mechanoreceptors
Our studies also indicate that c-Kit is expressed in a subset
of medium- and large-diameter DRG mechanoreceptive
sensory neurons (Figure 1). This led us to ask whether
the physiological properties of mechanoreceptors were
altered in c-Kit mutant mice. Fast-conducting cutaneous
afferent fibers fall into two categories: Ab large-diameter
mechanosensitive neurons (slowly adapting mechanore-
ceptors, SAM, or rapidly adapting mechanoreceptors,
RAM) and slowly conducting thinly myelinated Ad-fibers
(A-mechanonociceptors, AM or D-hair afferents). These
different mechanoreceptors have distinctive physiological
properties that can be measured by single-unit recording
using the in vitro skin nerve preparation. By recording from
many myelinated fibers, it is possible to determine the pro-
portion of fibers of each receptor type (Figure 7A and
Table S1). The proportion of SAM receptors is normally
around 60% of the total Ab fibers in the saphenous nerve
(Koltzenburg et al., 1997; Wetzel et al., 2007), and such
a proportion was also found in our control mice. In con-
trast, the proportion of SAM receptors was increased to
>80% in c-Kit/ mice, and this was significantly different
from control (p < 0.01 c2 test) (Figure 7A). This might
reflect a selective cell death of the RAM population or an
altered differentiation of mechanoreceptors in the ab-
sence of c-Kit signaling. We noted a small (5%) but sta-
tistically significant reduction in the number of myelinated
fibers in the saphenous nerve of c-Kit/ mutants (Fig-
ure 3B). It is thus in principle possible that the increased
number of SAM fibers encountered was entirely caused
by loss of RAM fibers. We noted however that the physio-
logical properties of the SAM neurons were dramatically
altered in c-Kit/ mice, suggesting that the increase in
SAM number could be caused by changes in mechanore-
ceptor properties. SAM neurons displayed an increase in
their mechanosensitivity in c-Kit/ compared to control
mice. Thus, the number of spikes evoked by a series of
displacement stimuli in c-Kit/ mutants was twice that
of SAM fibers recorded in control mice (Figure 7B).
Adaptation during a mechanical stimulus was observable
in c-Kit/ mice, and firing rates decreased by >50% at
the end of a 10 s static displacement stimulus in control
and c-Kit/ mice (Figure 7C). We presumed that the
changes in the relative number of SAM neurons together
with their hypersensitivity to mechanical stimuli might
reflect a developmental role for the c-Kit receptor. We
therefore also recorded from Ab mechanoreceptors in an-
imals that had been treated as adults with imatinib and
found no change in proportion of RAM and SAM receptors
(Figure S5). In contrast to the phenotype we have ob-
served in CMH fibers, we found no indication that c-Kit
haploinsufficiency produces changes in mechanorecep-
tors (Figure S5). In addition, we found no difference inc.
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atinib-treated animals (n = 20 units) compared to SAMs re-
corded in control mice (n = 45 units) (data not shown). To-
gether, these data indicated that c-Kit signaling
Figure 7. Mechanoreceptors in c-Kit Mutant Mice
(A) Proportions of myelinated D-hair and thinly myelinated mechanore-
ceptors (left panel) and large-diameter myelinated mechanoreceptors
(RAM, rapidly adapting; SAM, slowly adapting; right panel). Reduction
in the proportion of RAMs from 40% of all Ab fibers to around 15% of
the total in c-Kit mutant mice (**p < 0.01, c2 test).
(B) Spiking rates of SAMs in control (black squares) and c-Kit mutants
(blue squares) in response to a series of ascending mechanical
displacements of the skin (two-way ANOVA, F = 10.2, p < 0.005).
(C) Adaptation of SAMs during the static phase of the displacement
stimulus (192 mm). The time-dependent reduction in firing rate was
fitted with a single exponential function and time constant t calculated
for controls and mutants afferents. The adaptation time constant was
comparable in mutant and control mice.
Means are shown ± SEM.Ndetermines the normal functional properties of a subpopu-
lation of cutaneous mechanoreceptors. However, acute
injection of the SCF did not change the behavioral re-
sponse of mice to punctate mechanical stimulation
(Figure S6).
DISCUSSION
The characterization of molecules that regulate stimulus
detection and transduction properties of nociceptive
sensory neurons is of fundamental importance, since an-
algesic therapies target the sensitization of nociceptive
pathways. Our study assigns key functions to the receptor
tyrosine kinase c-Kit and its ligand SCF in the biology of
peripheral sensory neurons. We show that signaling
through c-Kit acutely tunes the sensitivity and heat thresh-
old of polymodal nociceptors. Furthermore, c-Kit-medi-
ated signals influence the maturation and stimulus sensi-
tivity of low-threshold mechanoreceptors.
It has been known for some time that a small percent-
age of developing sensory neurons express the c-Kit re-
ceptor (Hirata et al., 1995, 1993; Keshet et al., 1991).
Here we defined the neurochemistry of c-Kit+ neurons in
the adult DRG. We found that 20% of all DRG neurons ex-
pressed c-Kit, and most c-Kit+ neurons (>80%) were TrkA
positive, neurofilament-heavy chain negative, and also ex-
pressed SP and CGRP. These c-Kit+ neurons thus define
a subpopulation of C-fiber nociceptors. In addition, we
show that about half of the c-Kit+ neurons also expressed
the capsaicin-gated ion channel TRPV1. In addition to
these small-diameter c-Kit+ sensory neurons, we also
identified a subpopulation of larger sensory neurons that
expressed c-Kit, which may be mechanoreceptive in
nature. Earlier work showed that SCF promotes the sur-
vival of embryonic sensory neurons in culture, an effect
that synergizes with the survival-promoting effects of
NGF (Hirata et al., 1993). However, we show here that
SCF/c-Kit receptor signaling in vivo is not required for
the survival of the large majority of DRG neurons.
We analyzed adult c-Kit/ mice to define the physio-
logical role of this signaling system for sensory neurons.
We observed that c-Kit/ mice exhibit pronounced hypo-
sensitivity to noxious heat applied to the hindpaw. This be-
havior could be ascribed to a pronounced reduction in the
heat sensitivity of C-fiber polymodal nociceptors (Fig-
ure 4). Interestingly, the number of noxious heat-sensitive
C-fibers was not altered in c-Kit/ mice, but their average
heat sensitivity, as assessed by firing rates to a heat stim-
ulus, was reduced to less than a third of control C-fibers.
Thus, signaling via the c-Kit receptor is essential to main-
tain normal noxious heat sensitivity of C-fibers, but the
mechanosensitivity of these fibers remained normal. On
closer inspection we found that a subpopulation (30%)
of noxious heat-sensitive C-fibers, which normally have
very high rates of firing to heat (>60 spikes per heat stim-
ulus), are especially susceptible to reductions in c-Kit sig-
naling. Indeed even c-Kit haploinsufficiency is sufficient to
reduce the noxious heat sensitivity of these fibers to thateuron 56, 893–906, December 6, 2007 ª2007 Elsevier Inc. 901
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(Figure S3). We also treated adult mice with the c-Kit
receptor inhibitor imatinib and found that this treatment
essentially reproduced the effects of the c-Kit mutation
on CMH fibers (Figure 4 and Figure S3). Our observation
that 30% of the CMH fibers studied appear to be espe-
cially susceptible to alterations in c-Kit signaling suggests
that expression of the c-Kit receptor in small-diameter
neurons is a marker of ‘‘high responding’’ CMH fibers.
These fibers may correspond to the 30% of TRPV1-posi-
tive neurons that in addition express c-Kit and respond to
SCF. Imatinib is in addition an effective blocker of ABL,
PDGF-R, and ARG tyrosine kinase activity (Wong and
Witte, 2004), and so we cannot exclude the possibility
that it may exert some of its actions on sensory neurons
though inhibition of these kinases. However, the striking
similarity between the effects of the c-Kit mutation and
imatinib treatment on C-fiber nociceptors suggests that
the drug’s effects are due primarily to c-Kit inhibition.
As yet, c-Kit is the first example of a single gene being re-
quired for normal noxious heat sensitivity of C-fibers, and
ablation of others, for instance the gene encoding
TRPV1, does not appear to affect appreciably noxious
heat sensitivity of C-fibers (Woodbury et al., 2004). How-
ever, immuno-depletion of NGF does result in a similar dra-
matic loss of noxious heat sensitivity in C-fibers (Bennett
et al., 1998; Lewin and Mendell, 1994). A genetic analysis
of the NGF/TrkA system has so far been precluded be-
cause it is essential for the survival of all nociceptive neu-
rons, and mutant mice are not viable after birth (Crowley
et al., 1994; Smeyne et al., 1994). In contrast, our data re-
veal that c-Kit signaling regulates the functional properties
of nociceptive neurons but is not required for their survival.
There are striking similarities between c-Kit and TrkA-
mediated regulation of noxious heat sensitivity. The pres-
ence of TRPV1 ion channels is required for the thermal
hyperalgesia produced by activation of both c-Kit and
TrkA receptors (Chuang et al., 2001) (Figure 5C). A sub-
population of isolated sensory neurons in culture exhibit
a specific noxious heat-activated inward current called
Iheat (Cesare and McNaughton, 1996), and Iheat is thought
to be the basis of noxious heat sensitivity of polymodal
nociceptors (CMH receptors). Not only SCF, but also
NGF, bradykinin, ATP, and some cytokines are able to po-
tentiate Iheat in primary sensory neurons (Cesare and
McNaughton, 1996; Galoyan et al., 2003; Kress and
Guenther, 1999; Obreja et al., 2005). The effect on Iheat is
likely to account for the marked thermal hyperalgesia ob-
served after acute administration of SCF to animals. We
also show that around 30% of TRPV1-positive neurons
also possess c-Kit receptors, as the capsaicin-induced
[Ca2+]i increases can be potentiated in these cells by prior
exposure to SCF. Indeed the proportion of capsaicin-sen-
sitive cells that are responsive to SCF matches very well
the proportion of TRPV1-positive cells that possess c-Kit
receptors (Figure 1). The effective concentration of SCF
needed to produce significant potentiation was found to
be in the picomolar range, as reported for NGF (Shu and902 Neuron 56, 893–906, December 6, 2007 ª2007 Elsevier InMendell, 1999) and similar to the effective concentrations
of SCF that are found in other cellular assays (Tkaczyk
et al., 2004).
Our data support a model in which up- and downregu-
lation of Iheat by c-Kit activity is a central physiological
mechanism for regulating noxious heat sensitivity. The
signal transduction mechanisms through which activation
of c-Kit regulates Iheat and TRPV1 remain to be studied in
detail. There is an extensive but controversial literature on
the signaling pathways engaged by TrkA to sensitize Iheat
and TRPV1. Recent evidence however strongly suggests
that TrkA activation of PI3-kinase leads to TRPV1 phos-
phorylation and increased membrane insertion of the
channel (Stein et al., 2006; Zhang et al., 2005).
In addition to nociceptive neurons that respond to nox-
ious heat, c-Kit is expressed in a second distinct popula-
tion of putative mechanoreceptors (Figure 1). The second
c-Kit+ population expresses heavy chain neurofilament,
a marker of myelinated sensory neurons. We counted my-
elinated axons in the saphenous nerve of c-Kit/ mice
and found a small (5%) reduction in the number of axons
compared to control nerves (Figure 3). An earlier study ad-
dressed the role of SCF and c-Kit in regulating sensory
axon numbers using mice carrying hypomorphic c-Kit
and SCF alleles (Lourenssen et al., 2000). These authors
reported a substantial reduction in myelinated and unmy-
elinated axon numbers in thoracic cutaneous nerves. It is
unclear whether hypomorphic mutations in the SCF/c-Kit
system lead to distinct physiological effects compared to
null mutations. Alternatively, differences in the c-Kit de-
pendence of distinct peripheral nerves or differences in
the genetic backgrounds of the mice used could account
for the discrepancy. In the present study, electrophysio-
logical studies revealed that the myelinated mechanore-
ceptor population was altered in c-Kit/ mice. First, fewer
RAMs were found in the saphenous nerve, and this may
reflect a role of c-Kit in differentiation and the development
of more SAMs at the expense of RAMs in the mutant mice.
We also noted a striking change in the physiology of SAMs
in c-Kit/ mice: mutant receptors discharged twice as
many spikes to displacement stimuli than control recep-
tors. In addition, we observed a lower mechanical thresh-
old required to evoke spikes from both SAMs and AMs
(Table S1). Thus, in the absence of SCF/c-Kit, we ob-
served a gain in function (increased mechanosensitivity)
of subpopulations of sensory neurons. The number of
mechanoreceptors affected is in agreement with the num-
ber of c-Kit+ large-diameter sensory neurons, indicating
that the alteration is a direct effect of the loss of c-Kit.
For instance, c-Kit might downregulate transduction com-
ponents that set the normal mechanosensitivity of these
neurons. As yet, only a few molecules required for sensory
neuron mechanosensitivity have been characterized
(Lewin and Moshourab, 2004; Wetzel et al., 2007). We
found no evidence that behavioral sensitivity to mechani-
cal stimuli is altered after acute SCF injection (Figure S3).
Consistent with the idea that the effects of c-Kit mutation
on mechanoreceptors occur during development, we didc.
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tional properties of mechanoreceptors in the adult (Fig-
ure S5). We therefore propose that SCF/c-Kit signaling is
required during development to set the normal function
of myelinated mechanoreceptors.
c-Kit is one of the oldest and best-characterized recep-
tor tyrosine kinases. Loss- and gain-of-function mutations
in c-Kit have been reported to affect hematopoiesis and
germ cell development. In addition, activating mutations
or misexpression of c-Kit are strongly linked to the occur-
rence of tumors like gastrointestinal stromal tumors. Re-
cently, small molecules that effectively block normal
c-Kit have been developed and shown to be clinically
effective in the treatment of gastrointestinal stromal
tumors (Wong and Witte, 2004). In the present study, we
have shown that one such drug (imatinib) can be used to
downregulate the noxious heat sensitivity of C-fibers in
vivo (Figure 4). These data together with our characteriza-
tion of the c-Kit function in nociceptors raise the exciting
possibility that interfering with c-Kit signaling may also
produce effective analgesia in man. The abundance of lit-
erature on c-Kit signaling in nonneuronal cells will guide
future experiments on the molecular pathways used by
c-Kit receptors to regulate sensory transduction.
EXPERIMENTAL PROCEDURES
C-KitW/+ mice on the inbred WB-strain, isogenic with C57Bl/6, were
originally established at the Jackson Laboratory and obtained via
Hans-Reimer Rodewald (Department of Immunology, Ulm, Germany)
from Shizuoka Laboratory Company (SLC, Shizuoka, Japan). C-KitW/W
mutants generated through inbreeding of the c-KitW/+ colony were
obtained at a low frequency. In addition, transgenic male mice overex-
pressing erythropoietin (Epotg,) with a 12-fold increase in plasma eryth-
ropoietin levels (Ruschitzka et al., 2000) were crossed with c-KitW/+
mice to generate compound hetero/hemizygous male mice as de-
scribed previously (Waskow and Rodewald, 2002). Softened food
and nutrient agar were supplied to litters containing homozygous
c-KitW/W offspring to aid survival. The c-KitW allele is characterized
by a splice-site mutation that results in exon skipping and production
of a functionally inactive c-Kit protein that lacks the transmembrane
domain. The presence of the c-KitW mutation in our colony was con-
firmed by HphI digestion of a PCR fragment spanning the splice site
mutation (Hayashi et al., 1991). The TRPV1/ strain was obtained
from the Jackson laboratory and like the c-KitW/W mice was on
a C57Bl/6 background. We treated adult C57Bl/6 mice with a daily
subcutaneous dose of imatinib mesylate (0.1 mg/g; Sequoia Research
Products Ltd., UK) over a period of 6–7 days.
In Situ Hybridization, Histology, and Immunohistochemistry
DRGs were freshly frozen in OCT compound (Sakura). Slides of
10–12 mm were postfixed for 10 min, and standard immunohistochem-
istry or in situ hybridization protocols using DIG-labeled probes were
employed (Britsch et al., 1998). We used the following antibodies: rab-
bit anti-TrkA (1:2000; gift from L. Reichardt, San Francisco, CA, USA),
goat anti-c-Ret (1:2000; R&D Systems, MN, USA), mouse anti-neuro-
filament (1:1000; Sigma, ST. Louis, MO, USA), rabbit anti-calcitonin
gene-related peptide (1:20000; Sigma, ST. Louis, MO, USA), rabbit
anti-TRPV1 (1:200; Santa Cruz, Santa Cruz, CA, USA), rabbit anti-
P2X3 (1:5000; Abcam, Cambridge, MA, USA), rabbit anti-Peripherin
(1:5000; Chemicon, Temecula; CA, USA), rabbit anti-Substance P
(1:1000; Zymed, San Francisco, CA, USA), monoclonal rat anti-c-Kit
(clone ACK2, 1:1000, Bioscience, San Diego, CA, USA), goat anti-SCFNe(R&D Systems, 2 mg/ml), FITC-conjugated Griffonia simplicifolia IB4
lectin (1:200; Sigma, ST. Louis, MO, USA); secondary antibodies con-
jugated with Cy2, Cy3, or Cy5 were purchased from Jackson
ImmunoResearch (West Grove, PA, USA). In the case of SCF staining
in the skin, control experiments in which the anti-SCF antibody was
preincubated with 20 mg/ml recombinant SCF showed no significant
staining in the epidermis. Immunofluorescent preparations were ex-
amined with a Zeiss LSM 5 Pascal confocal microscope, and images
were processed in Adobe Photoshop.
Electron Microscopy
Nerves were isolated from animals perfused with 4% paraformalde-
hyde and 2.5% glutaraldehyde in phosphate buffer, postfixed, and
contrasted with osmium tetroxide as described (Garratt et al., 2000).
For light microscopy, nerves were embedded in Technovit 7100 resin
(Heraeus Kulzer, Wehrheim, Germany); semithin sections (1 mm) were
stained with toluidine blue, and used to determine the numbers of
myelinated axons. The numbers of nonmyelinated axons in the saphe-
nous nerve of wild-type and mutant animals were determined by count-
ing of 12 random fields under the electron microscope and normalizing
to total cross-sectional nerve area observed in semithin sections.
Behavioral Experiments
Paw Withdrawal Test
In the radiant paw withdrawal test, the mice were placed in a Plexiglas
chamber (15 cm diameter, 22.5 cm in height). The stimulus was a high-
intensity beam directed at the plantar surface of the hindpaw; move-
ment of the paw away from the beam results in the heat source being
terminated, with the withdrawal latency indicated on a digital screen
(Ugo Basile, Milan, Italy). Paw withdrawal latencies were determined
alternately from both hindpaws (stimuli given every 30–40 s). Criteria
for inclusion of a data point were calm behavior of the mouse just prior
to testing and a clear paw withdrawal from the hot beam associated
with paw flicking and grooming. Baseline values were taken once
a day at the same time for a period of 3 days. c-Kit ligand (Stem Cell
Factor, SCF, R&D Systems) was injected once intraperitoneally
(1 mg/kg i.p.) into TRPV1/ and control C57Bl/6 mice (adult females,
6–8 weeks, 20–25 g body weight), and response latencies to radiant
heating of the hindpaw were measured at various times after injection,
as described.
Punctate Mechanical Stimulus
The sensitivity to punctate mechanical stimuli was assessed using the
dynamic plantar aesthesiometer (Ugo Basile, Milan, Italy). Each mouse
was placed in a Plexiglas chamber (15 3 15 3 22.5 cm, wire mesh
floor). Ten minutes later, a mechanical stimulus (a small-diameter blunt
metallic filament) was applied to the plantar surface with an increasing
vertical force (continuous increase from 0–70 mN in 2 s), and the with-
drawal latencies were measured.
Statistical Analysis
All results are presented as mean ± SEM of at least ten animals and
analyzed by a Student’s t test in unpaired series to compare scores be-
tween WT and c-Kit / mutant animals. In all cases the significance
level was p < 0.05.
Cell Culture
DRG neurons were isolated from adult mouse and cultured as previ-
ously described (Hu and Lewin, 2006). No NGF or other neurotrophin
was added to the medium.
Whole-Cell Patch-Clamp Recordings from Isolated DRG
Neurons
Whole-cell recordings were made from DRG neurons 24–48 hr after
plating using fire-polished glass electrodes with a resistance of
4–7 MU. The recording chamber was perfused with extracellular solu-
tion containing (in mM) 140 NaCl, 1 MgCl2, 2 CaCl2, 4 KCl, 4 glucose,
and 10 HEPES (pH 7.4), and electrodes were filled with solution con-
taining (in mM) 110 KCl, 10 Na+, 1 MgCl2, 1 EGTA, and 10 HEPESuron 56, 893–906, December 6, 2007 ª2007 Elsevier Inc. 903
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using an EPC-9 amplifier sampled at 10–40 kHz. For the whole-cell re-
cording, the membrane voltage was held at –60 mV. Heat ramp stimuli
(24C–56C) and drugs were applied using an automated perfusion
system (WAS02 [Dittert et al., 2006]). The outlet of the output capillary
(400 mm inner diameter) with heating Cu-coil was placed 100 mm away
from the patched cells. The SCF (10 nM) was dissolved in extracellular
solution. Acquired traces were analyzed using Pulse and PulseFit
software (HEKA).
Calcium Imaging Experiments
We used standard Fura-2-based ratiometric calcium imaging tech-
niques to record responses to application of capsaicin solutions in cul-
tivated DRG neurons from the mouse. An inverted microscope (Zeiss
Axiovert200) equipped with MetaView photonics imaging system, in-
cluding the polychrome V, a CCD camera, and the imaging software
MetaView, was used for cell imaging. Paired images (340 and
380 nm excitation, 510 nm emission) were collected every 1.7 s. Cells
were cultivated overnight before calcium imaging experiments. For
each recording, a fresh coverslip was used. The SCF, capsaicin
(1 mM), and erythropoietin (1 mg/ml) were diluted in extracellular buffer.
Just those cells with a robust response to 40 mM KCl were analyzed.
SCF or erythropoietin was applied for 34 s and 272 s prior to the
second capsaicin pulse (5 s).
Skin Nerve Preparation
An in vitro skin nerve preparation (Koltzenburg et al., 1997; Wetzel et al.,
2007) was used to record from functionally single primary afferents.
Mice were sacrificed by placing them in a chamber gassed with CO2,
and the saphenous nerve was dissected together with the innervated
skin attached. The skin was placed corium side up in the oxygenated
SIF bath (123 NaCl, 3.5 KCl, 0.7 MgSO4, 1.7 NaH2PO4, 2.0 CaCl2, 9.5
sodium gluconate, 5.5 glucose, 7.5 sucrose, and 10 HEPES, in mM)
at 32C, and the nerve was desheathed and teased into microfilaments
to enable single-unit recording. Units were classified according to their
conduction velocities, von Frey thresholds, and firing properties. c-Kit
mutant mice were significantly smaller than wild-type littermates, and
conduction velocities measured for myelinated fibers were slower
than controls but comparable to those found in younger wild-type
mice (3–4 weeks) (Table S1). The conduction velocity cut-off between
Ab and Ad fibers was determined to be 9 m/s in c-Kit mutants based
on measurements of the Ab and Adwave in compound action potential
recordings as previously described (Koltzenburg et al., 1997). Recep-
tive fields were found using mechanical stimulation with a glass rod,
and units were tested both with ascending series of displacement
stimuli ranging from 6 to 768 mm and with ascending series of ramp
velocities from 0.012 to 2.9 m/s, with constant displacement. A com-
puter-controlled linear stepping motor (Nanomotor Kleindiek Nano-
technik) was used to apply standardized mechanical stimuli. C-fibers
were tested for a heat response using a contact thermal stimulator
(Yale University, Instrumentation Repair and Design Shop). Heat
ramp stimuli (32C–60C) were applied at the rate of 2C/s, keeping
the temperature at 60C for 5 s and cooling it down to the bath temper-
ature at the same rate. The raw electrophysiological data were col-
lected with Powerlab 4.0 system and analyzed off-line with the spike
histogram extension of the software.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/56/5/893/DC1/.
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